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Introduction
The main goal of large eddy simulation (LES) is to simulate the large scale structure of the flow by accounting for the small scale effects using a model. Dissipation of kinetic energy is the only physical phenomenon of importance in non-reacting flows that occurs at small scales. Separating these small scales and the large scales (of the size of the characteristic geometric length in the flow) is the inertial range which acts purely as an energy cascade for supplying kinetic energy to the small scales from the large scales. The near universal behavior of the inertial range along with the assumption of local isotropy in this range have been used to model turbulent flows using the eddy viscosity assump-tion. However, modeling of these small scale effects in scalar mixing/reactions is more complicated than in momentum transport, posing a bigger challenge in the field of continuum studies. There are various forms of scalar spectrum in the inertial and dissipative ranges depending on the local Schmidt number (or Prandtl number). Similar parameterization of scalar mixing using an eddy diffusivity, however, often seems to fail especially if the scalar is not passive. If the fluid is reacting, there are phenomena like the molecular mixing and chemical reactions occuring at smallest of the scales (Kolmogorov and Batchelor scales). These need to be adequately modeled within the constraints of available computational resources.
Computational approaches in mixing studies, in most cases, can be classified into two groups: moment methods and the probability density function(PDF) methods. In moment methods, the flow variables are decomposed into mean and fluctuating components. The numerical procedure involves solving for the mean values and a few lower moments (correlations) of chemical and fluid dynamic quantities. A comprehensive account on this method can be found in Ref [l] (Patterson, 1981) . In the PDF approach, the objective is to arrive at the PDF of the chemical quantities. This approach is outlined in Ref [2] (Pope, 1985) .
In moment methods, the reaction rate terms and the turbulent stirring term need to be modeled. Because of the nonlinearity of the reaction rate term, one needs a good global mechanism to cut down on the cost. Fast kinetics (infinite rate) further allow for reasonable approximations which seem to be valid for some hydrocarbon reactions. The turbulent fluxes are modeled using a gradient diffusion assumption. The turbulent diffusivity is obtained using passive scalar transport theories, which do not account for thermodynamic effects like heat release. Hence, the gradient diffusion assumption, while adequate for passive scalar transport, fails in case of reacting flows. Furthermore, in many practical engineering systems, combustion takes place in a regime of parameter space called the corrugated flamelet zone. In this region of parameter space, the flame is wrinkled by turbulence but the local burning is laminar. The turbulent flame is an ensemble of local laminar flamelets whose size spans over several decades of length scales. Hence, there are reaction zones that occur with characteristic length scales extending to such small values that molecular diffusion becomes very significant. The molecular diffusion is what causes the local laminar propagation.
However, in the moment methods, the effects of molecular diffusion cannot be captured adequately. Further, the moments chosen that are used to characterize the chemistry in a flow field are arbitrary. It cannot be based on numerical values of these moments because some moments, while insignificant in terms of quantities, need to be predicted accurately (eg. NO X emissions ).
In PDF methods, the solution is arrived at, in either of the two ways: evolve a PDF in time using a dynamic equation or assume a specific form for the PDF in terms of a few parameters and predict their values by modeling. The assumed PDF method was extended for LES by Frankel et al. (1993) . Gao and O'Brien (1993) suggest solving the PDF evolution equation (Pope 1990 ) for LES. Their work is far from complete and needs further development. The PDF methods have one main advantage that the chemical reaction term is closed. Molecular diffusion needs to be modeled and is usually done using variants of the coalescencedispersion models. This aspect is the subject of ongoing research and at the present day greatly limits the capability of the PDF models.
When the reaction system is dominated by one physical phenomenon, there are several models that work well. Yakhot's model [6] , Fractal models [7] (for premixed combustion with low or no heat release) that concentrate on the kinematic structure of the flame and characterize the A field equation for interface propagation [9] called the Gequation is used in this scalar transport study. This model was used earlier by several researchers to study the structure of a self propagating front in unsteady flow fields [9] . When the self-propagation speed is set equal to the laminar flame speed, any level surface of this scalar in space could 
Numerical method
The Navier-Stokes equations, on convolution with a spatial filter, reduce to the following set of LES equations.
(1)
where the overbar indicates a filtered variable, r,-y = (Ui Uj -UfUj) is the subgrid stress. For a closed set of equations , one needs to approximate the subgrid stresses using a model. The velocity variations in the scales below the characteristic filter width A are unresolved in a LES. Due to the nonlinear nature of the Navier-Stokes equations, these small scale fluctuations effect the large scale motions. This effect comes from the subgrid stress, which in the present study is approximated as r,-y = - §A"5,-y -f 2j/<5y,
where Sij = 5 |^-+ -g^-is the resolved strain tensor, v t is subgrid eddy viscosity (to be defined later) and K = -|(t/i Ui -UiU{) is the subgrid kinetic energy. Filtered variables are also called supergrid variables because they carry information about a variables at all length scales above the filter width (grid spacing). The model equations for the subgrid kinetic energy and the eddy viscosity are presented in the next section. The equations are discretized on a non-staggered grid (with spacing corresponding to the characteristic filter width A) and numerically integrated using a two step semi-implicit fractional step method. In this method, all of the primitive variables are defined at the grid points. The well known checker board type oscillations occur in velocity field due velocity-pressure decoupling when one uses central finite difference schemes for approximating the spatial derivatives. Use of QUICK scheme for calculation of velocity gradients that arise in the source term of the elliptic equation for pressure is found to effectively couple the velocity and pressure fields thus removing these oscillations [10] . The convective terms are computed using a third-order upwind biased finite difference approximation while the viscous terms are computed using a fourth-order central difference approximation. The Poisson equation is solved numerically using a second order accurate elliptic solver that uses a four-level multigrid scheme to converge the solution. The finite difference equations are integrated in time using a second order scheme.
The G-equation discussed earlier, has the following form.
and G lies between two constant values. When using Yakhot's model for LES, the advection velocity in the above equation if replaced by filtered velocity and the laminar flame speed by the turbulent flame speed. The Renormalization Group theory [Yakhot,1988] provides the following expression for the turbulent flame speed u«.
field (can be estimated using the subgrid kinetic energy).
The numerical scheme used to calculate the gradient in the propagation term of eq. (3) is biased in the direction of maximum gradient.
LES Model
A K -equation model with dynamic evaluation of the model coefficients based on the Germano's filtering approach [11] , is used as the subgrid model. The advantage of this model is that it solves a single scalar equation for the subgrid kinetic energy which characterizes the velocity scale of subgrid turbulence. This velocity scale along with the length scale (grid spacing or the filter width) provides a subgrid timescale representing the non-equilibrium relaxation of the subgrid scales. This is one level higher (in the direction of developing non-equilibrium models) than the equilibrium models (algebraic or the zero equation models), wherein the production and dissipation of the subgrid kinetic energy are assumed to balance instantaneously. has been proposed and studied by Menon and Kim. This approximation was found to adequately model the transport terms. Hence this is used in a similar form in this study.
The dynamic equation for K can now be written as:
where w' here, is the rms of (incoming) subgrid velocity . C v and C t are the model constants that need to be specified. These constants, however, are not universal and differ with flow fields in general. This suggests that these constants also depend on the local (supergrid) structure of the flow field. It is, then appropriate to refer to them as coefficients rather than constants. A dynamic approach is applied here to evaluate these coefficients, thus removing the arbitrariness in prescribing these coefficients. The approach is based on the concept of subgrid stress similarity supported by experiments in jets (Liu et al. [12] ). In this approach, a test filter(similar to the LES filter) of characteristic width 2A is defined and the corresponding filtered velocity field is denoted by U{. This new velocity field is obtained by convolution of the LES filtered velocity with the test filter. The subgrid stress corresponding to the scales in between the grid filter width and the test filter width can be written as [11]: (8) and the corresponding dissipation is defined as Assuming stress similarity and the present model to be valid for length scales between A and 2A (which imposes a further restriction that the test filter width is also in the inertia! range of length scales), <; ; -and e can be written as follows. 
2A' ^ '
where K = -|i«,-and v\ is the eddy viscosity corresponding to the test filter of width 2A and is given by d,.K»(2A). From eq.(ll), the value of C f can be evaluated. There are, however, six equations represented by eq.(10) using which C v could be evaluated. This is a over-determined system of equations and in the present formulation, is solved using least-squares technique. These coefficients are then used for evaluation of eddy viscosity and to advance the dynamic equation for K in time, thus achieving complete closure. Now, the turbulent flame speed needed for subgrid closure of G-equation is computed using eq.(4). The value of u' needed in this equation is computed using the subgrid kinetic energy.
Linear Eddy subgrid model
A subgrid model should be able to account for all the relevant physical phenomena and couple well with the supergrid simulation. It should further allow for simulation of real life physical problems efficiently within the constraints of available computational resources.
A subgrid model based on Linear eddy mixing model (Kerstein, 13-16) was proposed by Menon et al. (17) (18) (19) . This model treats separately the two basic physical processes that govern the evolution of a reactive system: molecular diffusion (accounted for in the present formulation by prescribing the laminar flame speed) and turbulent stirring. The physics involved in the modeling procedure is outlined here and the mathematical detail is avoided.
The modeling is done on a representative one-dimensional spatially linear domain (contained in each LES cell). The effect of three dimensional eddies is accounted for, on this one dimensional domain using turbulent scaling laws [19] . This reduced representation was found to be fairly accurate for the purpose and leads to a substantial reduction in computational cost. The physical sense of the one dimensional domain depends on the investigation at hand. For example, it is a radial line while investigating the radial dispersion in circular jets, it is an axial line in studies involving axial tranport. In homogeneous turbulence, it is a space curve aligned with the local scalar gradient. In LES, it is an arbitrary curve contained within each finite volume cell.
On the one-dimensional domain, the propagation and stirring are carried out as follows. Propagation is implemented by numerical simulation of G-equation without the convective term, using a finite volume approach on the linear domain. The G-equation now has the following one dimensional form.
This equation replaces the one dimensional diffusionreaction equation in the original formulation (for the finite rate kinetics). G = 0 corresponds to an unburnt state and G = 1 corresponds to a fully burnt state. Any surface in between can be considered to be the flame. The subgrid domain has no particular orientation (no directional information is included) and hence, periodic boundary conditions can be prescribed at the boundaries. The length of the domain is fixed to be the characteristic filter width used in the LES. The way to prescibe the number of cells needed for a finite volume implementation of the above equation is explained later. So the linear domain is a periodic curve of length A with arbitary orientation and is fully contained in the LES cell. The convective term is dropped as the effect of subgrid fluid turbulence (stirring) is modeled separately.
More details are given elsewhere (Menon et al. 1993) .
The turbulent stirring is modeled by a stochastic process. The sense of subgrid field is, hence, statistical. It is one realization of the field. A Lagrangian rearrangement is chosen as a means to model the effect of fluid dynamic eddies on the scalar gradient. The size of the eddy (needed to detemine the size of the segment in which rearrangement is to be done) and the frequency of occurance is determined using scaling laws characteristic of the inertia! range. The rearrangement mapping can be chosen arbitrarily. It should mimic the effect of an eddy on scalar rearrangement in turbulence and also should be conservative (total species concentration should remain unaltered after the mapping). A triplet map [16] is chosen for the present study. In this mapping, the given segment of the linear domain is divided into three equal parts. The spatial gradients (of all properties) in the left and the right segments are increased by a factor of three. The middle segment is reversed and then the scalar gradients are scaled by a factor of three. As illustrated in the fig.l, the scalar field remains continuous and the mapping is conservative. Size of the subgrid finite volume cell is so chosen that a stirring event at the smallest relevant length scale could be executed using this mapping. In the present case, the smallest significant length scale is the Kolmogorov length scale and one need atleast six points to be contained in this length to perform stirring. So the number cells turn out be 6-. This mapping causes a particle dispersion with mean square displacement of 57^, where / is the length of the segment. The diffusivity associated with this process can be determined to be jjyA/ 3 , where A is the frequency per unit length. The diffusivity associated with the eddies of length scale / is given by inertial range scaling laws as:
where jj is the Kolmogorov length scale. Let f(l) be the probability density function of the length scale chosen for the mapping event. By equating the diffusivity associated with the length scale / to the expression in the previous equation, the form of the PDF can be arrived at as:
where L is the largest scale for stirring. In the present context of LES, it would equal A (all the eddies larger than A stir the scalar field at the supergrid level). Solving for A yeilds where Rei, = ^-(the subgrid Reynolds number in the present case).
Heat release causes density gradients in the subgrid linear domain. When the density changes in a finite volume cell, the size of the cell is increased to conserve the mass in each cell. The domain is regridded to a uniform domain for computational ease. In the present case, these is no heat release or density variation, so this procedure is not required. For details on issues regarding heat release, see Smith and Menon [20] .
Advection due to the supergrid velocity field brings about transport of the chemical species into the neighbouring LES cells. This is modeled using a procedure called "splicing" (Menon et al., 1993) . The scalar flux across each LES cell face is computed using the supergrid velocity field. The number of cells that need to be transferred from one cell (donor cell) to it's neighbouring cell (receiver cell) across this face is computed using this flux and the LES timestep. A segment with this number of cells is picked at random from the donor cell and inserted at a randomly chosen location on the linear domain in the receiver LES cell. This introduces discontinuities in the scalar concentration in the subgrid field. While this seems unphysical, splicing is rare event compared to the subgrid processes and any spurious effects of splicing on subgrid field is minimal. For further details on the implementation, see McMurtry et al. [21] .
For each value of jj-, simulations are conducted using various different realizations of a statistically stationary flow field as initial conditions. The flame is activated in a similar way in all the simulations. This is done by instantaneously changing the value of G from 0 to 1 in a cubical domain at the centre of the domain. fig.2 . There is significant amount of kinetic energy in the subgrid scales at this resolution, so rm« values of fluctuating velocities should be underpredicted. As can be seen, vrms is overpredicted by the LES. This is a well noted [23] fact that is true when the axial resolution is inadequate. This overprediction is not expected to alter greatly the flame evolution. The results corresponding to the 25x17x17 LES are presented in fig.3 . The trends in prediction, in terms of single point statistics, are as expected.
The predictions differ significantly, possibly due to a broad range of energetic scales (subgrid kinetic energy is found to be quite significant). The cutoff scale in these simulations borders on dissipation range of scales. Hence, for the sake of implementing LEM (which requires the cut off scale in the inertial range), a higher Re (=12000) is chosen. The While implementing LEM in LES, the laminar flame speed is fixed by prescribing 5-, where u' is based on core region turbulent intensity (which is nearly a constant over a wide region).
For the 65x49x49 grid, the volume occupied by the burnt gases (volume integral of G over the whole domain) is plotted against time for three different values of |j-: 1, 4 and A measure for characterizing the flame shape called the shape factor is defined as the ratio of smaller to higher eigen-values of the curvature tensor (Ashurst, 1993) . It is bounded between -1 and 1. These extreme values correspond to a saddle and a spherical nature of the flame at a point, respectively . The value of 0 indicates a cylindrical structure. This value is computed at several points and a PDF is plotted for the three values of ^ in fig.7, fig.8 and fig.9 . The figures indicate a cylindrical propagation of the flame, which is expected due to the shearing effect of Couette flow. There however, seem to be more locations on the flame predicted by LEM with locally spherical or saddle-type structure. This indicates more flame wrinkling by LEM. The Yakhot's model however is implemented using a supergrid field equation and wrinkling is based on the front propagation algorithm. It is difficult to distinguish between flame wrinkling due to turbulence and the spurious oscillations that are a characteristic of numerical methods used to capture scalar fronts using field equations. A DNS using G-equation with a more accurate numerical method for capturing scalar fronts would perhaps give the correct nature of the flame.
The mean curvature PDF is plotted for the three |-values in fig.10, fig.11. and fig.12 . This gives us a measure of local curvature of the flame. Predominant positive curvature indicates a convex flame growing outwards. In the present study the PDF has a peak in the postive region. There however, are several points where the mean curvature is negative indicating that the flame shape is locally concave (and hence that the flame is wrinkled). Except for the lower value of |p the results compare favorably to the Yakhot's model predictions.
The data from LES is now used to estimate the flame stretch (in the plane of the flame) which is defined as the rate of change of a Lagrangian flame surface element. It can be expressed in terms of local tangential strain rate, flame curvature and flame speed as (Candel and Poinsot, 1990 ):
Si_ R (16) where *c is the stretch, e^-is the resolved scale strain tensor, in the plane of the flame and R is the mean priciple radius fig. 16 . The pdfs for the ratio of curvatures and flame stretch are plotted in fig. 17 and fig.18 respectively. In all these plots, the corresponding results from 65x49x49 LES using Yakhot's model are presented for comparison. It is seen that net growth of the flame is predicted fairly well. Also the pdf for the ratio of curvatures compares favorably with results from Yakhot's model. It is surprising that this prediction is more accurate than in the high resolution simulation. A higher Reynolds number in the subgrid could be one of the reasons for this.
The statistics from the low resolution are not expected to be very accurate since they are based on numerical derivatives which can only account for the large scale structures and not the wrinkling at small scales. As can be seen in fig.18 , the pdf of flame stretch is not as accurate as in the case of higher resolution case. The accurate prediction of mean curvature pdf could purely be heuristic.
Conclusions
The Linear eddy model is found to capture all the trends in the evolution of the flame structure. For the two higher cases of §-, the results are found to be close predictions obtained using Yakhot's model. The only issue of concern seems to the difference in the prediction of the shape factor. This obviously is due to difference between the two methods in accouting for the advection due to supergrid velocity. In LES using Yakhot's model, the correct evolution of the sharp flame front is not captured in the early stages (due to reasons stated earlier). And in case of LEM, there is some randomness involved in the approach. There is no reason to believe one is more correct than the other. But the random nature of splicing is also the reason why the prediction of the flame structure in the case of near laminar (deterministic) propagation (^-=1) is found to be different. The splicing procedure may need to be modified in such cases.
The accurate prediction of flame growth in 25x17x17 is, however, very encouraging, a fact that warrants further research on LEM implementation in LES on grids coarse enough to be computationally efficient. 
